We studied the interfacial contact between GaMnAs and superconducting Nb micro-structures both with and without removing the native GaMnAs surface oxide. Our results show that a strong Schottky barrier forms at the interface when the oxide layer is left between Nb and GaMnAs. This barrier can be confused for Andreev Reflection and erroneously used to extract spin polarization. A simple acid etch is shown to remove the oxide film, thus decreasing the interface resistance, removing the Schottky barrier, and causing a clear Andreev reflection effect. One key recommendation for point contact Andreev reflection studies is to push the tip hard enough into contact and verify that the total resistance is not too high. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
Andreev reflection (AR) spectroscopy offers a simple and powerful tool to study spin polarization in ferromagnetic materials. The conductance at the interface between a superconductor and a non-ferromagnetic, non-superconducting material (N) is enhanced for voltages below the superconducting energy gap due to the formation of Cooper pairs. 1 If a ferromagnetic (F) material is placed in contact with the superconductor; then, the Cooper pair formation is suppressed. The magnitude of the suppression depends on the severity of the shortage of minority-spin charge carriers (i.e., on the degree of spin polarization), which leads to a reduction in the conductance of the interface. So, the conductance inside the superconducting energy gap is directly dependent on the spin polarization in (F), allowing the utilization of AR spectroscopy to estimate spin polarization. 2, 3 This technique has been successfully used to extract the spin polarization in many ferromagnetic materials, where the analysis typically uses a modified BTK model to account for the reduced minority spin densities. [4] [5] [6] The analysis of AR data is not straight forward, since several factors have to be taken into account, like the z-factor, the temperature, and the spin scattering, in addition to the spin polarization. 7 Recent papers have also pointed out to the significant effect of the spin-independent resistance contribution from the bulk of the ferromagnetic film and the spreading resistance. [8] [9] [10] AR measurements cannot discriminate between these spin-independent resistance contributions and the true AR process occurring at the interface.
AR spectroscopy measurements have also been used to find the spin polarization of GaMnAs, 11 yet they proved to be difficult to achieve and to interpret, leading to disagreement on the value of spin polarization and on the origin of the broadening of the superconducting energy gap. [12] [13] [14] [15] Some papers in literature attributed this to the high resistivity of GaMnAs causing spectra broadening. 8, 9 This is supported by extremely high resistance values from point contact Andreev reflection (PCAR) measurements and the AR spectra that are significantly wider than the superconducting gap. It is important in this context to vary the conditions of the GaMnAs/Nb interface and study their effect on the charge transport properties of these bilayers. Such a detailed understanding of the transport properties at the interface helps understand the widespread disagreement in the AR spectroscopy results on GaMnAs.
II. EXPERIMENTAL
We use standard photolithography to fabricate Nb micro-structures on GaMnAs films. These samples were prepared using Molecular Beam Epitaxy (MBE) and then photolithography followed by high-vacuum Nb sputtering and lift-off to pattern micro-structures as shown in the cartoon in Fig. 1(a) . The sputtered Nb film covers the entire GaMnAs surface but has gaps in the Nb isolating some Nb microsized islands from the surrounding Nb covering the GaMnAs film. The width of the gaps ranges from 2 lm to 80 lm and the radius of the middle island is 300 lm. between any of the Nb circular islands and the outside Nb is directly proportional to the ring width, so if we plot the resistance as a function of gap width we get a straight line, whose slope gives the GaMnAs resistivity and y-intercept is twice the contact resistance.
Two types of samples were prepared from the same GaMnAs substrate: In the first type, the Nb film was deposited directly on GaMnAs with the native oxide left in place. This is meant to be just like in a PCAR measurement, where the superconducting tip is brought into contact with the, typically untreated, semiconductor surface. GaMnAs is known to develop a native oxide film of thickness about 1 nm within hours of its exposure to ambient oxygen. 18 In the second type of samples, the native oxide film on GaMnAs was stripped off immediately before the sample was introduced in the vacuum chamber by immersing it in HCl acid for 20 s. Since the re-growth of the oxide film takes several minutes, to hours, this immediate transfer of the sample into the vacuum chamber after acid etching guarantees a relatively clean surface. The Curie temperature of the as-grown GaMnAs films is around 45 K as seen from Fig. 1(b) , which shows the resistance as a function of temperature for one of the microstructures. The resistance shows a clear peak as is typical for GaMnAs having a peak around the Curie temperature. It should be noted here that this is the total resistance coming from bulk GaMnAs within the gap area between the two Nb features plus that from the two GaMnAs/Nb interfaces.
III. RESULTS AND ANALYSIS
Figures 2(a) and 2(b) show the current-voltage, I(V), and resistance R(V) curves for a sample with the native oxide left at the interface. The sample has a significant drop in resistance (or rise in conductance) as the applied voltage is increased. The inset in Fig. 2(b) shows the R(V) curve for another sample in a wider voltage range. The shape of the R(V) curve is a hallmark of a Schottky barrier, where there is an exponential drop in resistance with increasing the applied voltage. The symmetric nature of the curve is due to having two opposite Schottky barriers in the sample: If current is sent from an inner Nb circular island to the outer Nb structure, then it flows in the superconductor, encounters the first Schottky barrier as it flows into the GaMnAs at the outer edge of the disk, flows into the GaMnAs area between the two Nb features, and finally encounters the second Schottky barrier as it flows from GaMnAs into the outer Nb structure. So, the current will always flow from the semiconductor (GaMnAs) into the superconductor at one interface and from the superconductor to GaMnAs at the second interface, regardless of the direction of current flow. This leads to the symmetric R(V) curve seen in Fig. 2(b) .
One might argue that AR can produce this R(V) behavior (or the resulting conductance, G(V), curve, which is shown in Fig. 2(c) ). The resistance drops with applied voltage, and then saturates slowly, and the saturation happens in relatively low voltages in these samples. At first, this slow saturation (and the absence of abrupt jumps in resistance at the superconducting energy gap edges) can be attributed to the AR spectra broadening due to the spreading resistance.
In fact, multiple data curves observed by Chiang et al. Fig. 2(c) and are interpreted as Andreev reflection spectra. Yet, comparing the results with these in Fig. 2(d) , one quickly concludes that this peak in resistance has nothing to do with AR and is simply due to the presence of a Schottky barrier at the interface, because it is seen even at room temperature, where Nb is not a superconductor. It is extremely unlikely that there is any resistance variation associated with Andreev effect in these curves. The authors of Ref. 8 measure a very high resistance when using the PCAR technique to study GaMnAs and, consequently, use AR theory to extract the spin polarization of GaMnAs. The high resistance that they observe further suggests that they actually had a Schottky barrier effect rather than Andreev effect. Figures 3(a) and 3(b) show the I(V) and R(V) curves for a sample with a relatively clean Nb/GaMnAs interface obtained by chemically etching the native oxide film at the surface of GaMnAs. It is seen that the I(V) curve is linear at room temperature and that R is independent of V, indicating the absence of any Schottky barriers. Furthermore, the resistance is much smaller than that found in Fig. 2(b) due to the oxide removal, so this is an Ohmic contact as is usually observed for clean contacts with very-highly doped semiconductors. indeed due to Andreev effect rather than any possible Schottky barrier. Fig. 3(c) displays the total resistance of one microstructure, due to both the bulk GaMnAs and GaMnAs/ Nb interface contributions, while Fig. 3(d) shows the total conductance G (V), which is the quantity usually plotted and analyzed in AR studies. 16 The lines in Figs. 3(c) and 3(d) are not actual fits but only guides to the eye. It is clear, though, that the spin polarization that can be extracted from these curves is low, since the resistance inside the superconducting energy gap is larger than outside of it. We estimate the contact resistance to be R C ffi 4 X and the spin polarization to be less than 0.4. This is most likely due to the presence of a magnetically dead layer in the GaMnAs closest to Nb and to the presence of strong spin-flip scattering as the charge carriers tunnel through the interface. The presence of such a magnetically dead layer is consistent with our contact resistance studies in GaMnAs/Cu bilayers 16 and is most likely due to a thin depletion zone at the metal/semiconductor interface.
Comparing the curves in Fig. 2 with these in Fig. 3 , it is seen that a Schottky barrier can lead to a conductance curve that looks slightly similar to that due to Andreev effect, yet it shows no abrupt jumps in conductance at the superconducting energy gap of Nb and, most importantly has a significantly higher resistance. This behavior was consistently seen in several samples of both kinds. Such lack of clear gap edge and presence of high resistance should be strong warning signs that one is actually having a Schottky barrier rather than Andreev reflection curve. So, it is extremely important to push the superconducting tip enough into the ferromagnetic surface until the resistance becomes low in PCAR studies, even in high-resistivity materials. This insures that one has established a good contact with the actual GaMnAs (or other material), rather than the top oxidized layer.
IV. CONCLUSIONS
In conclusion, we studied the contact between GaMnAs and superconducting Nb. Our results point to the crucial role of the native oxide layer in producing a pronounced Schottky barrier and suppressing any AR effect. The sharp superconducting tip should be pressed hard enough to break through the oxide film and establish a good contact with the actual GaMnAs in order to get useful AR spectroscopy results.
